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The high-performance sodium metal chloride battery has garnered significant 
interest in the past decade due to its multiple advantages such as high energy density, deep 
discharge cycling ability, high safety level, 100% coulombic efficiency, and a broad 
ambient-temperature operating range. Current development of the sodium-metal chloride 
batteries is focused on improving its performance and cycling life.  
This work investigates micro-scale mass transfer and kinetic parameters, which is 
related to cell performance, for building a complete model. In a typical commercial sodium 
metal chloride cell, there is mass transfer and conduction throughout the thick positive 
electrode. The electrode materials participate in redox reactions neither homogeneously 
nor simultaneously. Therefore, a much thinner positive electrode is introduced in this work 
in order to remove added macro-scale effects in the electrode from the measurement. 
Therefore, the number of parameters needed to describe the data was reduced because the 
experimental design minimizes spatial variations within the cell. 
Chapter 2 discusses the impact of iron addition to a sodium nickel-chloride cell by 
investigating ionic transport within the metal chloride phase. The electrochemical 
performance of a sodium mixed-metal (Ni, Fe) halide cell is characterized for different 
cathode compositions and at different rates. Charge/discharge data are characterized by a 
 
smaller nickel-voltage plateau during discharge than during charge, indicating that some 
of the NiCl2 reduces at cell potentials nominally associated with the iron plateau. One 
means of describing the difference between charge and discharge is to consider transport 
processes within the mixed NiCl2/FeCl2 solid phase. A one-dimensional model has been 
used to simulate the ionic transport within the (Ni,Fe)Cl2 phase; the transport model 
predicts the ratio of discharge to charge iron plateaus reasonably well for most rates and 
compositions. 
In order to further investigate complex dynamic behavior of the open-circuit 
potential (OCP) and galvanic interactions in an iron-doped sodium nickel-chloride cell, a 
GITT (Galvanostatic Intermittent Titration Technique) method is used in Chapter 3. The 
response to open-circuit interrupts of porous mixed iron-nickel cathodes has been 
characterized as a function of state of charge (SOC) for different iron loadings and different 
charge and discharge rates. After discharge, OCP can evolve in time from the iron plateau 
to the nickel plateau, and this behavior can be explained by galvanic interactions between 
iron metal and Ni2+. Characteristic times of the OCP transients depend on SOC and can be 
large.  When the OCP has converged on a steady state during discharge, its value may 
provide an estimate of the mole fraction of NiCl2 at the interface of the triclinic (Ni,Fe)Cl2 
film that resulted from metal oxidation.   
Sulfur-containing additives were shown to have dramatic impact on cell resistance 
and performance. In Chapter 4, the electrochemistry of iron sulfide in nickel/iron porous 
electrodes in molten sodium tetrachloroaluminate electrolyte was investigated. With the 
addition of FeS to the electrolyte, results indicate the formation of nickel sulfide species 
 
on the metal electrode and an increasing discharge capacity with increasing amount of iron 
sulfide. The cathode with highest sulfide content appears to be highly resistive. 
Galvanostatic interrupt experiments shows complex dynamic behavior of sulfide-iron-
NiCl2 galvanic interactions. 
With a goal of extending knowledge of kinetic and mass transfer parameters for 
understanding mass transfer, Chapter 5 discusses the performance of nickel/iron cells for 
a broader range of temperature, composition and current. The experiments were tested at 
different temperatures. Also, three granule compositions with different iron levels are 
tested at four different current rates. The data from this study can be for use in a complete 
model of the sodium-nickel/iron chloride cell and in the optimization of the electrode.  
In the previous chapters, a thinner positive electrode is used in order to remove the 
effects of macro-scale mass transfer. Chapter 6 discusses the impact of thickness of the 
cathode on the mass macro-scale transfer and conduction within the metal chloride and 
metal phase. The goal is to improve modeling of tortuosity as a function of state of charge 
because transport is important in real systems, and modeling ohmic resistance, for example, 
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As a result of energy demand and environment impact of traditional fuels, energy 
storage technology will be of vital importance in the near future for the integration of 
intermittent renewable energy resources on electricity grids. Carbon emission is major 
contributing factor to climate change. This has drawn many attention of investment in 
alternative clean energy, however, the intermittency with clean energy (e.g. wind and solar) 
prevents them fully replace traditional sources of energy. When the energy is generated via 
clean alternatives, battery technology is the key to store energy and maintain a balance 
between intermittent clean energy supply and cyclical daily electricity usage. 
To optimize energy collection, storage and usage, not only the nature of energy 
sources (e.g. solar and wind) but also energy application should be a major concern in 
developing an energy storage system. Figure 1.1 shows various electrical energy storage 
systems in terms of power rating and duration of discharge, which identifies potential 
applications.  [1] 
Sodium-beta alumina batteries (SBBs), which features moderate power rating and 
high energy density, have caught much attention from research institutes and business 
entities as candidates for the medium and large-scale energy storage system. These sodium-
based batteries are promising power sources for a wide range of applications such as 
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electric vehicles, telecommunication and uninterrupted power supply because of the use of 
a naturally abundant element, low cost and suitable redox potential (only 0.3 V positive to 
lithium).[2, 3] 
The charge/discharge of the electricity of the SBBs is achieved via sodium ion 
transport across the β”-Al2O3 solid electrolyte (BASE). The operating temperature falls 
within the range of 270oC~350oC in order to minimize electrical resistance and optimize 
electrochemical reaction activity. The anode is a molten-state metallic sodium and the 
cathode can be either sodium-sulfur or solid metal halides. The Na-beta batteries are 
commonly built in tubular designs, as schematically shown in Figure 1.2.  
 
1.1 Sodium-Sulfur Batteries 
A sodium–sulfur battery [6] is a type of molten-salt battery constructed from liquid 
sodium (Na) and sulfur (S) via following cell reactions: 
anode: 2𝑁𝑎
I:"234JK8
2𝑁𝑎L + 2𝑒&                  (1.1) 
cathode: 𝑥𝑆 + 2𝑁𝑎L + 2𝑒&
I:"234JK8
2𝑁𝑎+𝑆P                  (1.2) 
overall: 2𝑁𝑎 + 𝑥𝑆
I:"234JK8
2𝑁𝑎+𝑆P                  (1.3) 
The Na-S battery offers a voltage of 1.78-2.08 V in the range of 300-350 oC, 
depending on the cell chemistry (x = 3-5). These batteries exhibit reasonable power and 
good energy density (90-245 W kg-1 and 140-240 Wh kg-1) as well as cost advantage 
because of the abundance of raw materials and large-scale production [7, 8]. However, 
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because of the highly corrosive nature of the sodium polysulfides and violent chemical 
reaction during operation, such cells are primarily suitable for large-scale non-mobile 
applications such as grid energy storage [9]. The incidents such as the NGK-manufactured 
Na-S batteries plant fire in Japan in 2011 raise safety concerns and drives\ a trend in 
developing the sodium-metal halide cells as a potential alternative. 
 
1.2 Sodium-Metal Chloride Batteries 
Compared to the Na-S batteries, the metal halide cathodes exhibit comparable power 
and energy density (130-160 W kg-1 and 120 Wh kg-1) [8, 10, 11] while providing higher 
safety, a low-resistance cell failure mode, and the flexibility of selecting materials for 
current collectors and cell containers because it is less corrosive than sodium polysulfides 
[7].  Sodium-nickel chloride [12, 13] and sodium-iron chloride [14, 15] are widely-studied 
cathode materials of solid metal halide cells because both of them meet the requirement 
that their electrochemically active species is insoluble in NaAlCl4 [5].  Sodium-metal 
chloride technology was first introduced as ZEBRA battery in 1978 [2] and the term 
ZEBRA is an abbreviation of Zeolite Battery Research Africa Project. [3].  
Sodium-nickel/iron chloride cells have their applications in telecommunications, 
Uninterruptible Power Supply (UPS) batteries and hybrid locomotive. [16-21]. The high 
energy/power density, low cost electrode materials (nickel, iron, aluminium, sodium) 
makes the technology draw many research attentions. Additional, the sodium-metal 
chloride battery offers long cycling life, deep discharge ability [2, 6]. 
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2𝑁𝑎L + 2𝑒&           (1.4) 
cathode: 𝑁𝑖𝐶𝑙+ + 2𝑁𝑎L + 2𝑒&
I:"234JK8
𝑁𝑖 + 2𝑁𝑎𝐶𝑙           (1.5) 
overall: 𝑁𝑖𝐶𝑙+ + 2𝑁𝑎
I:"234JK8
𝑁𝑖 + 2𝑁𝑎𝐶𝑙           (1.6) 
In the case of iron chloride, the cathode reaction is as follows: 
cathode: 𝐹𝑒𝐶𝑙+ + 2𝑁𝑎L + 2𝑒&
I:"234JK8
𝐹𝑒 + 2𝑁𝑎𝐶𝑙 (1.7) 
These batteries offer a standard voltage of 2.58 V for nickel chloride and 2.35 V for iron 
chloride at 300 oC, slightly higher than that of Na-S batteries. The cells are also 100% 
charge efficient since there are no side reactions present in the cell. Similar to the Na- S 
battery, the cells are commonly built with a tubular Na+-conductive β”-Al2O3 separator [4, 
5, 22].  
 
1.3 Cell Structure 
Sodium-metal halide batteries are constructed with a cathode that is made from 
porous metal/metal halide. The positive electrode structure is semisolid by impregnating 
molten-state NaAlCl4 (a eutectic of NaCl and AlCl3). As depicted by figure 1.3, during 
charge, sodium ions are transported through the BASE  (Beta Alumina Solid Electrolyte) 
from the cathode to the anode, oxidizing Ni to NiCl2 via the migration of sodium ions in 
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the molten NaAlCl4 as the second electrolyte. During this process, the nickel is far from 
fully utilized with nickel metal maintaining electronic conductivities at normal operating 
temperature. The battery is fully charged when sodium chloride in the positive electrode 
depletes [23, 24].  In other words, the NaCl is a limiting reactant that indicates the 
theoretical capacity of the electrode. 
Nickel chloride is a widely-studied cathode material due to its high-power 
applications and ability to operate reversibly over a wide temperature range. In addition, 
the nickel chloride cell offers overcharge and overdischarge protection via the reactions 
shown in figure 1.4.  
Further improvement to the sodium-metal chloride battery could be realized by 
eliminating intermittent degradation which is related to the relatively high impedance of 
the positive electrode. This high impedance is due to electrode kinetics, electrode 
morphology, and cell configuration [12].  
There have been continuous process developments to improve sodium-metal 
chloride battery performance. The energy density and the power density of these cells were 
improved by optimizing cell geometry [11] and cathode composition [11, 17]. For instance, 
in order to increase the power density, the positive electrode was doped with iron. Iron is 
the first element used as the cathode material by Coetzer in 1978.  The iron/nickel 
electrodes appear to have several advantages including improved high pulse performance 
[11, 17-18]. Additionally,  ferrous chloride is a less expensive alternative to nickel chloride 
[5]. Nickel metal is the most expensive material used in the sodium-metal chloride battery. 
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The percolating network of Ni particles is responsible for providing electronic conductivity 
within the cathode. Therefore, iron addition would partially lowers the cost of excess metal 
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 The electrochemical performance of a sodium mixed-metal (Ni, Fe) halide cell is 
characterized for different cathode compositions (3 wt %, 8 wt%, and 10 wt % iron ) and 
at different rates. Open circuit potential (OCP) data for mixed metal cells show a 
dependence on state of charge, with an approximately 20 mV variation on the iron and 
nickel plateaus, while the OCP is constant at different states of charge for an iron-free cell. 
Formation of a nickel-iron metal alloy is proposed to explain the OCP change for Ni-Fe 
cells. Charge/discharge data are characterized by a smaller nickel-voltage plateau during 
discharge than during charge, indicating that some of the NiCl2 reduces at cell potentials 
nominally associated with the iron plateau. One means of describing the difference between 
charge and discharge is to consider transport processes within the mixed NiCl2/FeCl2 solid 
phase.  A one-dimensional model has been used to simulate the ionic transport within the 
(Ni,Fe)Cl2 phase; the transport model predicts the ratio of discharge to charge iron plateaus 





 High-performance sodium metal chloride batteries have been of interest in the past 
decade due to their high energy density, high safety level, 100% coulombic efficiency, long 
cycle life, and broad ambient-temperature operating range.  They are also maintenance free 
and easily recyclable [1-6]. The cell consists of a liquid sodium anode, β”- alumina solid 
electrolyte (BASE) separator and a high porosity cathode impregnated with a molten-salt, 
NaAlCl4, secondary electrolyte. The positive electrode is assembled in the discharge state, 
where the active material is a mixture of metal and sodium chloride. Among different 
transition metals, iron and nickel have been widely used [2, 3, 7, 8]. Although the iron 
powder is less expensive than nickel powder, the sodium nickel chloride cell has higher 
open-circuit potential, leading to higher energy density. In the cells under study, a mixture 
of nickel and iron (Ni:Fe ratios from 5 to 20) was used. Including a small amount of iron 
in the nickel chloride cells enables high-power, discharge pulses, even at high depths of 
discharge [5].  
 In this work, a mathematical model is presented to explain key features of the 
constant-rate charge and discharge behavior of mixed Ni-Fe chloride cells. The model has 
also been applied to open-circuit measurements, a potentially valuable experimental probe 
for battery characterization.  Three cathode compositions have been studied at 300 °C. OCP 
measurements suggest formation of a Ni-Fe alloy during the cell operation, and 
discrepancies in the sizes of charge and discharge plateaus suggest interdiffusion of iron 
and nickel within a previously described [9] triclinic (Ni,Fe)Cl2 solid solution. Figure 2.1 
shows the simple structure assumed in the model.  Dynamics associated with a conversion 
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of the shifted-salt (Na6FeCl) formed initially during charge into the triclinic (Ni,Fe)Cl2 
phase are not considered.  Furthermore, the focus of the present study is the hypothesized 
transport processes, with an understanding that the interfacial reaction mechanisms require 
also a detailed model to capture all of the measured battery performance data.   
 
2.3 Experimental 
 The entire electrochemical cell is contained within a 100-ml Pyrex flask as shown 
in Figure 2.2. The counter electrode consists of a 2-mm diameter nickel wire coil, covered 
in 5 g of aluminum flakes, 5 g of sodium chloride, and 30 g of NaAlCl4. The positive 
electrode is contained in a flat-bottom, sodium-conducting, β”- alumina tube, supplied by 
Ionotec (size H3), which sits directly on top of the counter electrode. The current collector 
for the positive electrode is a 0.5-mm-diameter molybdenum-wire coil. The coil is covered 
by a single layer of molybdenum gauze, and then by 1 g of granules [7] comprising sodium 
chloride, nickel and iron powders. Three grams of NaAlCl4 and 25 g of yttria-stabilized 
zirconium-oxide beads are loaded on top of the granules. A reference electrode made of a 
closed-end Pyrex tube with a 1-mm-diameter aluminum wire, roughly 100 mg of sodium 
chloride, and 100 mg of NaAlCl4 was placed within the granules.   
 Table 1 lists the chemical compositions of the granules that were used to form a 
porous electrode in the half cell. The cell was built and operated in an argon-atmosphere 
glove box, with < 1 ppm moisture and oxygen, by first loading the counter electrode 
components into the flask, and then heating to 300°C.  Temperature was controlled with a 
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Digi-Sense temperature controller.  The positive electrode materials were then loaded into 
the β”-alumina tube, and the β”-alumina tube was lowered into the molten salt in the 
counter electrode. Cell testing was performed with an Ivium-n-stat electrochemical test 
system. For reference, the aluminum reference electrode potential is assumed to be 1.60V 
versus Na/Na+. The discharge data were obtained after the cell was charged at constant 
current until the cell potential reaches 2.69 V versus sodium, then charged at 2.69 V until 
the current declines to 2 mA.  When discharging at selected constant current rates, the 
discharge was terminated when the potential reached 1.8 V. Discharge data were obtained 
after constant-current charging to 2.8 V at four rates. Then the cell was fully discharged to 
1.8 V. The open-circuit potential measurements were conducted by interrupting the current 
during constant current charge and monitoring the open-circuit, cell voltage for 300 sec. 
The charge-discharge as well as the OCP measurement protocols are presented in Table 2. 
  
2.4 Theory 1 
 The addition of iron to the porous nickel electrode leads to two voltage plateaus 
while cycling the battery, due to the presence of two redox couples.  One striking feature 
arises: the size of the “iron” and “nickel” plateaus observed while charging may differ 
significantly from their sizes during discharge.  It is also seen that the open circuit potential 
as a function of state of charge depend on the amount of iron in the system. We hypothesize 
                                                
1   The simulations done in this chapter is in collaboration with Dr. Saeed Khaleghi Rahimian, who did his postdoc 
research at Columbia Chemical Engineering. 
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explanations of these observations.  For simplicity, we assume that reaction rates are 
uniform throughout the porous electrode.  It is known that nonuniformities may become 
important for thick electrodes and for high rates of charge or discharge.  
  In the experimental protocol, after a cutoff potential of 2.69 V, constant voltage 
charging continued until the current declined to 2 mA. For simplicity, the model discussed 
below assumed that the current decays linearly from the nominal charge rate down to zero 
during the constant voltage capacity.  
  Figure 2.3 shows the charge and discharge curves at rates of 50 mA for 8 wt % Fe. 
The “iron plateau” contributes ~ 250 C during discharge, and ~145 C during charge.  The 
theoretical iron capacity is 280 C for 8 wt% Fe; presumably only a portion (52 %) of total 
Fe in the cathode is electrochemically active.   For 3 wt % and 10 wt %, we found that 100 




[\] = 1.6, implying that a significant portion of the NiCl2 reduces on the iron 
plateau.  A fraction of the NiCl2 cannot be reduced at cell potentials of ~2.6V, and this is 
hard to reconcile with a theory based only on charge-transfer kinetics.  Figure 2.4 shows a 
summary of the charge ratios as a function of charge or discharge rate for three 
compositions. Figure 2.4 may also support the argument that differences in the potential 
plateaus are not the result of electrode kinetics since UVW
XYZ
UVW
[\] does not change significantly 
with the charge and discharge rate. While thermodynamic solution theory may provide an 
alternative explanation if the activity of remaining nickel in the triclinic phase results in a 
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sufficiently large shift in the reduction potential, we hypothesize that mass transfer plays 
the key role.   
 Both the nickel and iron chloride species exhibit low solubility in the electrolyte 
and readily precipitate.  Rijssenbeek, et al., show that NiCl2 and FeCl2 form a single 
triclinic (Ni,Fe)Cl2 solid phase, with no evidence for separate phases of nickel or iron 
chloride [10].  Since the NiCl2 and FeCl2 (or shift iron shifted salt) phases form at different 
potentials, it can be hypothesized that composition gradients naturally arise within the film, 
and that the nickel and iron ions interdiffuse within the lattice.  We explore whether mass 
transfer limitations within this phase can reasonably predict NiCl2 reduction on the FeCl2 
reduction plateau.  
 A one-dimensional model has been developed in the COMSOL Multiphysics 
environment to simulate binary, Fickian diffusion inside the solid phase during charging 
on the nickel plateau, followed by discharge, as shown in Figure 2.1.  All simulations were 
limited to the nickel reduction and oxidation reactions.  For the purpose of this discussion, 
it is assumed that the metal-chloride lattice grows as a film parallel to the metallic phase, 
allowing for one-dimensional analysis.   In microstructural observations, films may not in 
fact be conformal, but the simplification is introduced to allow for facile exploration of the 
hypothesized mechanism.  As a means of reconciling the ideal model with the complex 
architecture of the porous electrode, a surface area per unit volume of film As is used.  
Presumably this parameter increases as film crystallite size decreases, and may depend on 
the charge rate (when the film is formed) as well as the amount of iron in the film. 
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 The numerical simulations of the model commence at the point of transition during 
electrode charging from the iron to the nickel plateau.  For model simplicity, the initial film 
residing on (or near) the electrode is assumed to be pure iron chloride. Simulations then 
consider the insertion of nickel chloride into this film. The present model does not consider 
an intermediate phase Na6FeCl8 that forms on iron plateau and is converted into iron 
chloride during the nickel plateau [10]. It is assumed that the film grows from the 
electrode/film interface instead of the electrolyte/film interface.  Whether the mass transfer 
of ions from the electrode to the film is via a solid-state path or through electrolyte is not 
considered, as this resistance is considered to be negligible.  More complex models 
including more detailed transport and electrodes kinetics have been developed, but for 
clarity we focus here on comparing experiment to intrafilm mass-transfer simulations. 
 A dimensionless one-dimensional conservation-of-mass expression coupled with a 
generalized Fick’s law for a binary system [11] results in a partial differential equation, 









     (2.1) 
where 𝑁" is the dimensionless net flux of the growing solid film: 
𝑁" = 𝑁_:`ab + 𝑁78`ab     (2.2) 
𝑁_:`ab  and 𝑁78`ab  are the dimensionless fluxes of NiCl2 and FeCl2, respectively. The 
second term on the right hand side of Eq.(1) arises because the Ni species cannot be 
considered dilute.  The initial and boundary conditions together with the film growth are: 
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       (2.3) 
The zero time corresponds to the beginning of the nickel plateau during charge when the 
nickel oxidation starts.  The boundary condition at y = 0 is obtained by assuming that the 
molar volume of the film does not depend on the ratio of iron to nickel in the film.  This 
assumption while not exact can be justified in part because the molar volumes of nickel 
chloride (36.51cm3/mol) and iron chloride (40.11 cm3/mol) are similar. 
  The dimensionless variables are defined as follows: 
                                                                      (2.4) 
where 	𝐷"	and 𝑣_:`abare NiCl2 diffusion coefficient and molar volume, respectively. The 
second boundary (𝑧 = 𝛿(𝑡))	changes with time according to the total amount of solid 
produced on charge or consumed on discharge. The initial iron-chloride thickness formed 
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prior to nickel oxidation is termed 𝛿(, and its value depends on the amount of oxidized iron 






     (2.5) 
where 	𝑄78234  is the charge capacity on the iron plateau, 𝐴"  is the surface area density 
[cm2/cm3] of the metal/film interface and 𝑉t is the cathode’s volume. The dimensionless 
maximum film thickness is then given by: 




[\]    (2.6) 
where 𝑄_:234 is the charge capacity on  the nickel plateau.  
We assume controlled-current operation, and simulations are limited so that the net 
flux is given by 
𝑁" = 𝑁_:`ab =
v]ww
;W7pZqr
   (2.7) 
The duration of all simulations is from the beginning of the nickel-charge plateau, where 
Iapp > 0 until the end of constant current charge (when the cutoff voltage is 2.69 V, it is 
further followed by constant voltage charge where the current is assumed to decay linearly 
to zero), at which time discharge commences (Iapp < 0).  Simulations are stopped when the 
reduction of nickel is mass transfer controlled and iron reduction must begin, as would be 
evidenced experimentally by a rapid change in cell potential.   
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Since only nickel oxidation and reduction are assumed in the simulations, the 
surface boundary condition (Eq. 3) can be simplified to: 
    
cPdYefb
ch hx(
= 𝑁" 𝑥_:`ab hx( − 1     (2.8) 
 To test the hypothesis that intra-film mass transfer plays a dominant role, 
simulations were performed by assuming that the potential is sufficiently positive that only 
nickel reduction and oxidation occurs (i.e., the Eq. (8) boundary condition), without the 
need to invoke electrode kinetics; i.e., mass transfer within the metal chloride film is the 
rate limiting step. The assumptions in this mass-transfer model break down when 
𝑥_:`ab hx( approaches zero.  Thereafter, in experiments, the potential drops sufficiently for 
Fe reduction to occur. 
 The distribution of NiCl2 inside the film has been studied for different 
compositions, charge-discharge rates, and physical properties. Here, two case studies are 
discussed, showing the impact of the value of the diffusion coefficient. The cathode 
composition was taken to be 8 wt% Fe , 58 wt % Ni and 34wt% NaCl (composition 1 in 
Table 1), the charge and discharge rates were 50 mA, and the charge capacities on the iron 
and nickel plateaus are 𝑄78234 = 145	𝐶	and	𝑄_:
234,`` = 355	𝐶	 𝑄_:
234,`q = 0 , respectively. 
The surface area 𝐴" 	is assumed to be 200 cm2/cm3, a value in accord with full-scale 









 Figure 2.5 shows the NiCl2 mole fraction profile in the film as a function of time.  
During charge, the Ni mole fraction is highest near the electrode, where it is assumed to 
grow.  During discharge, the mole fraction drops near the electrode, where it is reduced to 
Ni metal.  Figure 2.6 shows the surface and average NiCl2 mole fraction during a constant 
current charge/discharge cycle. The surface mole fraction increases gradually from zero to 
0.78 during charge.  During discharge, NiCl2 at the solid surface decreases steadily, until 
it is driven to zero (and the reduction is mass transfer controlled) after	𝜏 = 18.5.  The time 
when the concentration drops to zero is taken to be the time at which the potential changes 
sufficiently to allow for iron reduction during discharge. Since some NiCl2  remains in the 
film, NiCl2 also is reduced on the iron plateau; as the potential is reduced to maintain the 
prescribed current density, the reduction of the FeCl2 commences, and the NiCl2 becomes 
accessible not only through diffusion but by the conversion of the FeCl2 into metal, 
reducing the thickness of the chloride phase. 
 




 When diffusion times are long relative to cycle times, the Ni/Fe interface within the 
salt layer is much less diffuse. Figure 2.7 shows the NiCl2 concentration profiles in the film 
when the diffusion coefficient is decreased by two orders of magnitude keeping all other 
parameters constant. Simulation results of the charge process indicate that nearly pure 
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NiCl2 is present at the electrode during the entire nickel plateau.  Likewise, during 
discharge, the mole fraction remains nearly one at the surface, until it very abruptly drops.  
This can be seen also in Figure 2.8, where the surface mole fraction drops to zero at around 




[\]  , where  corresponds to the residual film thickness when the nickel chloride 
surface mole fraction drops to zero during discharge are predicted, for fast and the slow 
diffusion, respectively, to be 1.76 and 1.45;  experimentally the ratio of discharge capacities 
on the iron and nickel plateaus (Figure 2.3) is UVW
XYZ
UVW
[\] = 1.6, and one may conclude that the 
actual diffusion coefficient lies between the two values used in the above modeling cases.  
 The predicted variation of UVW
XYZ
UVW
[\]  with charge dimensionless flux 𝑁"234 =
v[\]odYefb
;W7pZqrZ
 for different discharge to charge dimensionless rates 𝑁"I:"/𝑁"234  is shown 
in Figure 2.9 for 8% Fe composition. Substitution of Eq.(5) for the film thickness 𝛿(	into 





    (2.9) 
The term 𝐷"𝐴"+ is the only unknown in Eq. (9).     
 One may assume that the nucleation of the (Ni,Fe)Cl2 film is dependent on the 
charge rate. This presumably leads to variation in the average chloride crystallite size, with 
smaller crystallites causing a larger area/volume As of the film. Since nucleus density may 





𝐷"𝐴"+ = 𝛼"𝐼234     (2.10) 




[\]  experimental values for each 
composition. The total charge capacity including 𝑄78234, 𝑄_:
234,``and	𝑄_:
234,`q, was used to 
calculate the film maximum thickness. 
 
2.5.3 Ni-Fe Alloy Formation 
 Figure 2.10 shows the open circuit potential (OCP) measured 300 sec after current 
interruption at different states of charge for two charge rates.  Results are shown on both 
the iron and nickel potential plateaus for three Fe-containing compositions and on the 
nickel plateau for the iron-free granule. The data during the transition between the plateaus 
are not presented here in part because potential continues to evolve after 300 sec. The OCP 
changes (~ 20mV) on the iron plateau as well as the nickel plateau when a mixture of iron 
and nickel is used as the cathode material. However, for the iron-free cell the OCP is 
constant. A possible mechanism for the OCP change on the iron plateau for the mixed 
metal system is a formation of Ni-Fe metal alloy during the cell operation. In a study by 
Bones et al,  Ni-Fe alloy formation was shown by X-ray diffraction [12]. 
  Coetzer et al. [7] proposed two solid-state reactions for the iron reactions, with an 
intermediate “shifted-salt” phase Na6FeCl8 forming initially and subsequently converting 
to FeCl2 as NaCl is depleted from the electrolyte. In the present model, the intermediate 
phase is neglected and only the final phase is considered, and the model thus focuses on a 
simple, hypothetical transport process.  The iron oxidation reaction is thus simplified to 
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Fe s + 2Cl& = FeCl+ s + 2e&  
Assuming a Ni-Fe alloy assumption, the Nernst potential for the iron redox can be 
expressed as: 






     (2.11) 
where 𝑎78	is iron activity at the Ni-Fe metal/chloride interface.  On the iron plateau FeCl2 
is a pure solid phase and the molten-salt electrolyte is saturated with chloride ions due to 
efficient buffering by large quantities of the solid-phase NaCl. Thus, the Nernst potential 
depends only on the iron activity. Figure 2.11 shows the surface iron activity obtained from 
applying Eq.(11) to the data in Figure 2.10. In all cases, the surface activity is significantly 
higher than the average, suggesting an iron-rich surface of the alloy.  The average iron 
activity in the alloy at different states of charge is estimated from a material balance, 




    (2.12) 
It is assumed in Eq. (12) that all of the iron and nickel are electrochemically active, even 
though, as discussed above, only a fraction of the iron appears to be cycled.  This approach 
is in better agreement with full-scale battery simulations.  Since the iron is oxidized during 
charge, the iron-metal activity at the Ni-Fe metal/chloride interface as well as the average 
iron activity decreases with the state of charge.  
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       The Nernst potential for the nickel redox reaction depends on nickel activity in the 
alloy, the activity of the chloride ions in the melt, and the surface mole fraction of NiCl2 at 
the triclinic (Ni,Fe)Cl2 solid phase: 






Z      (2.13) 
In contrast to the OCP measurements on the iron plateau, where NaCl is abundant, the 
chloride ion activity may deviate from one [13, 14].  Furthermore the surface activity of 
NiCl2 in the mixed salt phase requires estimations.  Thus, a detailed interpretation of the 
OCP is not straightforward.  
 
2.6 Discussion 
 The plateau ratio UVW
XYZ
UVW
[\] has been predicted by the model in Figure 2.12 for the three 
electrode compositions. The error bars are estimated from uncertainties in assigning 
coloumbic values to the plateaus since the transition between the iron and nickel plateaus 
is not vertical.  In Figure 2.12a, results are shown as a function of discharge rate, keeping 
the charge rates constant.   There is qualitative agreement between the model and the data 
across all Fe compositions as a function of discharge rate (Figure 2.12a).  Since the charge 
rate, where the solid film is produced, is constant, presumably the model can capture the 
key aspect, which is the correlation between interdiffusion time and discharge rate.   
 In contrast in Figure 2.12b, the discharge rate is constant, and each point 
corresponds to a different set of formation conditions for the triclinic chloride-phase.  The 
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agreement is good for 3 wt% and 8 wt% Fe at low discharge rates (50-100 mA), with some 
apparent deviation at the higher rate.  Nevertheless, the predictions remain qualitatively 
consistent.  In contrast, the 10 wt % Fe predictions are not consistent with experimental 
observations for unknown reasons.  Figure 2.13 shows how the charge capacity of the iron 
plateau	 𝑄78234 changes with charge rate for three electrode compositions. The capacity 
reduces significantly for 10 wt % Fe compared to two other compositions as the charge 
rate increases, for reasons that are also not understood.  
The parameter α in Eq. (10) for each composition is given in Table 3.  For the 
𝐷𝑠𝐴𝑠2 is predicted to be	 	 2.3×10−8	 sec-1. If 𝐴𝑠 is assumed to be 200 cm2/cm3, the 
10&' cm2	sec-1 which suggests a slow diffusion in the film, with profiles akin to those 
seen in Figure 2.7.  Table 3 indicates that 𝛼" increases with the amount of iron in the cell. 
Assuming a composition-independent diffusion coefficient, we conclude that higher iron 
composition results in higher surface area per unit volume. Moreover, positive 𝛼" indicates 
that the surface area 𝐴" is an increasing function of the charge rate. This corresponds to 
forming smaller crystallite size as a result of nucleation of the salt film as current density 
increases.  A more detailed mechanistic explanation does not seem warranted without a 
more explicit consideration of the shifted-salt phase and the dynamics associated with the 
complete consumption during nickel oxidation of this phase, with the ferrous species 








 The impact of iron addition to a sodium nickel-chloride cell has been characterized 
for model electrode compositions.  The variation of open circuit potential with the state of 
charge can be explained by assuming alloy formation with an activity given by its mole 
fraction. Constant current charge-discharge data show that the iron and nickel capacities 
(i.e. iron and nickel plateau size) vary significantly from charge to discharge. Simulations 
indicate that the ionic transport in the triclinic (Ni,Fe)Cl2 may explain the observed 
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List of Parameters 
𝑎`a

 Chloride ion activity in melt 
𝑎78 
Iron activity in Ni-Fe metal alloy 
𝑎_: Nickel activity in Ni-Fe metal alloy 
𝑎_:`ab
"  Nickel chloride activity at film surface 
𝐴" Total porous metal surface area [cm2/cm3] 
𝑐78 Iron apparent concentration [mol/cm
3] 
𝑐78`ab Iron chloride apparent concentration [mol/cm
3] 
𝑐_: Nickel apparent concentration [mol/cm
3] 
𝑐_:`ab Nickel chloride apparent concentration [mol/cm
3] 
𝐷" Diffusion coefficient [cm2/sec] of nickel chloride inside solid film 
𝐹 Faradays’ constant [C/mol] 
𝐼4 Applied current [A] 
𝑛8 Number of moles of electrons 
𝑁; NiCl2 flux [mol/cm2 sec] 
𝑁" Total (NiCl2 and FeCl2) flux [mol/cm2 sec] 
𝑄78234 Charge capacity on iron plateau[C] 
𝑄_:234 Charge capacity on nickel plateau[C] 
𝑁; Dimensionless NiCl2 flux 
𝑁" Dimensionless total solid flux 
𝑅K   Gas Constant [J/mol K] 
𝑡 Time [sec] 
𝑇 Temperature [C]  
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𝑈< Nernst potential for iron redox [V] 
𝑈; Nernst potential for nickel redox [V] 
𝑉t Electrode’s volume [cm3] 
𝑣_:`ab Nickel chloride molar volume [cm
3/mol] 
𝑥_:`ab Nickel chloride mole fraction in solid Ni-Fe chloride phase  
𝑦 Dimensionless length 
𝑧 Solid phase thickness growth direction 
𝛿(𝑡) Solid phase film thickness (cm) 
𝛿( Initial solid film thickness (iron chloride film thickness) (cm) 
𝛿 Dimensionless solid film thickness 
𝛿u4P Dimensionless maximum film thickness 
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Figure 2.1.  
Interdiffusion and film growth of (Ni,Fe)Cl2 solid phase during charge, salt formation is 









Figure 2.2.  
Schematic of the electrochemical cell within a 100-ml Pyrex flask. The counterelectrode is 
nickel wire coil covered in aluminum flakes, sodium chloride and NaAlCl4. The positive 
electrode is contained in a flat-bottom, sodium-conducting, β”- alumina tube and S is 
current collector. A reference electrode made of a closed-end Pyrex tube with aluminum 









Figure 2.3.  






Figure 2.4.  
Discharge to charge iron plateau size data for different iron compositions.  
(for 3% Fe 100 mA charge before discharging at different rates and 100mA discharge 
before charging at different rates used, for 8% and 10% Fe 25mA charge before 





Figure 2.5.  









Figure 2.6.  
NiCl2 mole fraction at film surface and average mole fraction inside film during diffusion 






Figure 2.7.  










Figure 2.8.  
NiCl2 mole fraction at film surface and average mole fraction inside film during diffusion 






Figure 2.9.  
Variation of discharge to charge iron plateaus size with 𝑁"234	at different discharge to 






Figure 2.10.  
Open circuit potential data for mixed metal and iron free cells at different states of charge 






Figure 2.11.  
Prediction of iron activity at the metal alloy surface using open circuit potential data as 








Figure 2.12.  
Prediction of discharge to charge iron plateau sizes for different iron compositions, (a, 
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Table 2.1.  
Cathode active material compositions (mass fraction) 
	
Composition 3% wt% Fe 8% wt% Fe 10% wt% Fe 
NaCl 0.34 0.34 0.34 
Ni 0.63 0.58 0.56 




Table 2.2.   
Charge-discharge and OCP measurement protocol  
	
Charge and Discharge 
1. Constant current charge at 25 mA to 1.09 V 
2. Constant voltage charge at 1.09 V to 2 mA 
3. Constant current discharge at 4 different rates (50 mA, -100 mA, -250 mA and -
500 mA) to 0.2 V 
4. Constant current charge at 4 different rates (50 mA, -100 mA, -250 mA and -500 
mA) to 1.2 V 
5. Constant current discharge at 25 mA to 0.2 V 
6. Repeat step 1through 5 once 
Open Cell Voltage Measurement 
1. Constant current charge to a specified state of charge on Fe voltage plateau 
2. Constant current charge for an additional 15 C 




Table 2.3.  
𝛼" (𝐷"𝐴"+ 1/𝑠𝑒𝑐 = 𝛼"𝐼234) for different Fe compositions  
 













Galvanostatic Intermittent Titration Study of The Positive 
Electrode of a Na|Ni(Fe)-Chloride Cell 
 
3.1 Abstract 
The response to open-circuit interrupts of porous mixed iron-nickel cathodes 
operating in NaCl-buffered, molten NaAlCl4 electrolyte has been characterized as a 
function of state of charge (SOC) for different iron loadings and different charge and 
discharge rates. After discharge, the open-circuit potential (OCP) can evolve in time from 
the iron plateau to the nickel plateau, and this behavior can be explained by galvanic 
interactions between iron metal and Ni2+.   Characteristic times of the OCP transients 
depend on SOC and can be large.  When the OCP has converged on a steady state during 
discharge, its value may provide an estimate of the mole fraction of NiCl2 at the interface 
of the triclinic (Ni,Fe)Cl2 film that resulted from metal oxidation.  Detailed analyses of the 
experiment require modeling of the galvanic conversion rates, which depend on both 
charge-transfer and mass-transfer phenomena. 
 
3.2 Introduction 
The high-performance sodium metal chloride battery has garnered significant 
interest in the past decade due to its multiple advantages. The high energy density of the 
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battery (90 Wh/kg) positions it as an attractive and economical alternative for stationary 
storage applications [1-3]. Furthermore, because of its relatively high power density of 150 
W/kg, the technology has also been considered for transportation applications [4]. In 
addition, the sodium/metal-chloride battery has a long life, a deep discharge cycling ability, 
a high safety level, 100% coulombic efficiency, and a broad ambient-temperature operating 
range [5-9].  
The cell is assembled in a fully discharged state.  Once heated (260 - 340°C) and 
charged, it contains a liquid sodium anode separated from the positive electrode by a 
ceramic sodium-conducting β”-alumina solid electrolyte (BASE). The positive electrode 
contains iron, nickel, or both, as well as NaCl and a secondary electrolyte NaAlCl4. When 
fully discharged, the positive electrode has a typical porosity of 60%. Excess transition-
metal (M, where M is Fe or Ni)) powder is added to these cells to facilitate three-
dimensional electronic conductivity inside the cathode [7].   The overall cell reaction is 
given by: 
2NaCl	 + M = 2Na + MCl+     (3.1) 
Most commercial cells are comprised of a nickel positive electrode, in part because 
of the higher oxidation potential and the lower active species solubility of nickel, compared 
to iron.  However, the nickel cathode is often combined with a small mass fraction of iron, 
as this improves cell performance, especially in applications demanding high discharge 
pulse power at low states of charge [7]. The presence of the iron in the electrode improves 




In a companion study, we discussed key features of the constant-rate charge and 
discharge behavior of mixed Ni-Fe chloride cells [10]. The cell potential, as a function of 
SOC, depends on a large number of factors; but from a simple perspective, during charge, 
the iron is first oxidized to sparingly soluble FeCl2 at a potential near 2.34 V (vs. Na/Na+) 
at 300 °C until “completion” and then the nickel is oxidized to insoluble NiCl2 at near 2.60 
V.  In contrast, during discharge, NiCl2 is reduced on the nickel plateau, but the transition 
to the iron plateau occurs before the NiCl2 is fully reduced. This has been explained by 
assuming a mass transfer limitation associated with solid-state diffusion of nickel ion to 
the electrode.    
In this work, open-circuit potentials of the cathode material are measured with the 
galvanostatic intermittent titration technique [11, 12] (GITT).  GITT has been employed as 
a means of elucidating the mechanisms by which iron and nickel interact in these systems, 
allowing for model validation.  While measurements were performed over the entire range 
of the SOC during charge and discharge, the most complex and interesting dynamic 
behavior was observed on the iron plateau during discharge, where both iron and nickel 
reduction reactions proceed. The use of GITT may provide complementary means to 
explore the influence of mass-transfer and charge-transfer effects on battery performance, 
allowing for further electrode optimization, and the method could be a simple-to-
implement diagnostic tool for Na/Ni(Fe)-halide cell studies. Experimental results are 






The cell design was described previously [10].  In short, the counter-electrode, 
contained in the bottom of a borosilicate glass flask, is a coil of 2-mm-diameter nickel wire 
(99.98%, Alfa Aesar), covered in 5 g of aluminum flakes (granular, 99.7%, Sigma Aldrich), 
5 g of sodium chloride, and 30 g of NaAlCl4 (powder, 99.99%, Sigma Aldrich). The 
positive electrode is built in a flat-bottom, H3-size, Ionotec sodium-conducting β”- alumina 
tube (H3-80-LN, Ionotec); with the bottom of the tube resting on the counterelectrode.  The 
current is assumed to flow through the bottom face, which has an area of 0.3 cm2.  The 
positive-electrode current collector is a coil of 0.5-mm-diameter molybdenum wire 
(99.95%, Alfa Aesar) covered by a layer of molybdenum gauze (50 mesh, Alfa Aesar). A 
reference electrode; a slender, closed-end, borosilicate glass tube containing a 1-mm-
diameter aluminum wire, 100 mg of sodium chloride, and 100 mg of NaAlCl4; is inserted 
into the granulated, packed-bed cathode [13]. The cell is built and operated in an argon-
atmosphere glove box, by first loading the counter electrode components into the flask and 
then heating to the desired temperature (300°C). Temperature is controlled with a 
thermocouple sheathed in a borosilicate glass tube, which is positioned in the NaAlCl4 of 
the counter electrode.  
Cathode granules were fabricated from nickel powder (Type 255, Novamet), 
microfine sodium chloride powder (custom powder, British Salt), sodium iodine powder 
(99.999%, Sigma Aldrich), aluminum power (325 mesh, 99.97%, Alfa Aesar) and reagent 
grade powders of iron (<10 microns, 99.9+%, Alfa Aesar). The materials were combined 
and homogenized in a tumbling mixer within a glove box. The mixture was granulated on 
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a roll compactor (Alexanderwerk BT-120) and a granulator (Vector TFC-Lab). The 
materials were then loaded into sieves which classified the granules into the size range of 
2 mm to 212 mm. Three different granule compositions (3 wt%, 8 wt% and 10 wt% Fe) 
were tested.   Table 1 provides a summary of the compositions of the three electrodes. 
The positive electrode is built by pouring 1 g of granulated metals and salts, and 3 
g of pulverized NaAlCl4, into the bottom of the BASE tube. Twenty-five grams of yttria-
stabilized zirconium-oxide beads (d=5mm, Alfa Aesar) are subsequently placed on top of 
the positive electrode material to aid granule-granule contact. The aluminum reacts with 
sodium chloride during the first cycle [14].  The cell is never discharged below 0.20 V (vs. 
Al/Al3+), so aluminum is not re-plated.  
Cell testing was performed with an Ivium-n-stat electrochemical test system. For 
reference, the aluminum reference electrode potential is 1.58V versus the Na/Na+ anode of 
commercial battery cells, and all measured potentials are reported vs. the reference 
electrode.  The same cell cycling protocol from the previous work was applied in the 
present study [10]. In all cases, there were 10 deep, constant-current charge/discharge 
cycles at 50 mA used to “precondition” the electrode, prior to data collection. The charge 
data were obtained from fully discharged cells by constant-current charging at 50 mA, 100 
mA, 250 mA or 500 mA to a 1.2 V cutoff voltage. The discharge data at the same rates 
were obtained from fully charged cells. Full charge was achieved via constant current 
charging followed by constant voltage charging until the current decreased to 2 mA.  The 
discharge cutoff potential was 0.2 V.  Figure 3.1 shows the charge and discharge curves at 
rates of 50 mA for 3 wt%, 8 wt% and 10 wt% Fe. Two voltage plateaus were seen because 
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of the two electrochemical reactions, corresponding to nickel and iron redox. Discrepancies 
between charge and discharge potential plateau sizes were observed.  Using 3 wt% Fe 
cathode as an example, the nickel plateau is approximately 350 C during charge and is 
~280 C during discharge. The reasons for the size differences are attributed to mass-transfer 
limitations of the nickel chloride-reduction reaction [10]. 
The GITT measurements were conducted using the same preconditioning and 
charge/discharge protocols.  However, in the GITT experiment, the current was interrupted 
every 15 C near the transition between the iron and nickel plateaus. For example, the 8 
wt% Fe cell was first interrupted after 55 C charging and 190 C discharging. Typically, the 
resulting potential transient was monitored for 300 s; then the current was reapplied at the 
previous level (50 mA, 100 mA, 250 mA or 500 mA) and the on-off cycles continued. 
Discharge GITT data were measured during discharge after the cell was charged including 
the charge GITT protocol. In some cases, interrupt times were increased to 1800 sec to 
allow the OCP to equilibrate more completely. 
 
3.4 Results 
Figure 3.2 shows the results of GITT studies on an 8 wt% Fe positive electrode.  
Following the preconditioning described in the experimental section, the electrode was 
charged at a rate of 50 mA with open-circuit interrupts every 15 C starting at 55 C, and one 
at the top of charge.  Figure 3.2b, shows the three transients marked in Figure 3.2a in more 
detail.  Here, the time is measured from the last instant at which the current was turned on, 
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and each curve shows the potential transient during the applied current and then during the 
interrupt.  Curves i and iii correspond to behavior when on the nickel plateau and the iron 
plateau, respectively.   Curve ii was taken during the transition from the iron to nickel 
plateaus. The relatively large variation in OCP seen in curve ii reflects galvanic interactions 
between NiCl2 and Fe, which are discussed below for discharge GITT measurements. 
Once the cell was charged with the GITT protocol, it was discharged at a rate of 50 
mA, with open-circuit interrupts every 15 C starting at 190 C discharged.  The cell potential 
during discharge begins at near 1.00 V at 100 % SOC. When the current stops, the potential 
abruptly increases and then slowly converges to an apparently steady value. Figure 3.2d, 
shows in more detail the three transients marked in Figure 3.2c.  Here, the time is measured 
from the last instant at which the current was turned on, and each curve shows the potential 
transient during the applied current and then during the interrupt. Curves i and iii 
correspond to behavior when on the nickel plateau and the iron plateau, respectively.  
Curve ii, taken at a time of 7700 s, shows representative behavior obtained where the 
discharge curve transitions from the nickel to the iron plateaus.  In many cases, as seen in 
curve ii, the potential relaxes back to the Ni/NiCl2 potential: 
  	NiCl+ + 2e& = Ni + 2Cl&	       𝑈¢ = 	1.00	𝑉	𝑣𝑠	𝐴𝑙	   (3.2) 
This suggests that, while some NiCl2 reactant remains within the porous electrode 
construct, the rate of reduction of the nickel ion is insufficient to maintain the current 
(galvanostatic control).  The iron reduction reaction then proceeds, and this occurs at a 
significantly lower cell potential: 
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  	FeCl+ + 2e& = Fe + 2Cl& 𝑈¢ = 	0.74	𝑉	𝑣𝑠	𝐴𝑙	   (3.3) 
While during discharge the potential assumes a value to allow iron reduction, during the 
open-circuit relaxation the potential reverts to a value corresponding to nickel reduction. 
Figure 3.3 shows GITT data obtained during discharge for the 8 wt% Fe cathode at 
two discharge rates, plotted now as a function of SOC.  The measurements reported herein 
are focused on the transition between the two plateaus. Experiments were performed at 100 
and 500 mA as well, but results are not shown in the graph for clarity; note that at higher 
rates, the potential transition is less abrupt. Since these are discharge curves, the time 
progresses from high SOC to low SOC. When comparing the two curves while the current 
is on, the difference in the potential is related to the surface and ohmic overpotential 
differences associated with a 5× difference in discharge rate.  The magnitude of the 
relaxations to higher potential is generally larger for the higher rate.  However, at least near 
the transition, the final value of the OCP is similar for the two cases, approaching values 
for the reversible Ni/NiCl2 potential.  Even the relatively slow 50-mA discharge exhibits 
OCP relaxation back to the Ni/Ni++ level after discharge onto the iron plateau.  At high 
SOC, the potential relaxes to the Ni potential and at low SOC, the potential relaxes to the 
iron plateau. 
Experiments of the type shown in figures 2 and 3 were obtained for multiple 
compositions and rates. Figure 3.4 shows transients obtained at four discharge rates.  It can 
be seen that in the initial stages of discharge, there is a rapid transient, with a time constant 
that grows as SOC decreases.  For still lower SOC, such as 155 C in Figure 3.4b, the 
potential relaxation curve demonstrates complex behavior, increasing slowly in the range 
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of the iron reversible potential, before rising again toward the nickel plateau. The 300-s 
OCP varies with SOC, and some of the curves do not stabilize during the 300-s relaxation 
time. 
 Figure 3.4d shows that, even at relatively low SOC, some of the potential relaxation 
curves first begin to rise near 300 s.  Selected experiments were thus performed with a 
longer interruption time of 1800 s.  Results are shown in Figure 3.5 for both charge and 
discharge at a low rate.  It can be seen, for example, that for a SOC of 180 C, the transition 
does not commence until nearly 900 s after the current is interrupted.  A compromise is 
required in the design of the GITT to capture behavior that is representative of the cell 
during constant-current discharge.  Thus in all other experiments, a 300-s relaxation time 
was employed.  Clearly, analyses using GITT must consider the details of the experimental 
protocol. 
Figure 3.6 shows potential transients during the interruption of discharge of 
electrodes with different iron loadings (3 wt% Fe and 10 wt% Fe).  Results are given for 
discharge rates of 50 and 250 mA.  As might be expected, the 10 wt% Fe results are similar 
to those observed for 8 wt % Fe; for example, in Figure 3.1a and c, the SOC at which the 
transition occurs is about 250 C for 8 wt% Fe and 290 C for 10 wt% Fe, while the iron 
capacity, measured during charge is around 145 C and 155 C.  In contrast, for the 3 wt% 
Fe cathode, the discharge and charge transitions are at approximately 180 C and 110 C.  
Since the open-circuit relaxation from the iron to the nickel potential range is related to 
unreacted NiCl2 remaining during discharge on the iron plateau, the relative amounts of 





The OCP transitions show a rich behavior when the SOC is close to the transition 
from the nickel to iron plateaus.  One feature of the discharge transients is that the OCP 
converges on a steady-state value that varies with SOC.  For example in Figure 3.4, the 
steady-state OCP decreases by a few mV as the SOC is decreased beyond the Ni/Fe 
transition SOC.  These variations can been interpreted by assuming that NiCl2 and FeCl2 
form a single, ideal (Ni, Fe)Cl2 phase, as experiments suggest [15].  Then the Nernst 
equation can be written as: 







b     (3.4) 
where the activity of Ni in the metal alloy and in the chloride film may in general deviate 
from one.   During most of discharge, we can reasonably assume that the molten electrolyte 
is chloride saturated and in equilibrium with solid NaCl.  If we assume that 𝑎_:= 1 (at least 
at the interface) and the surface of the triclinic phase is an ideal mixture, equation 4 can be 
written as 
   𝑈_:`ab/_: 	= 1.00 +
t
+7
𝑙𝑛𝑥_:`a+  (vs. Al RE)  (3.5) 
where 𝑥_:`a+is mole fraction of nickel. 
 Figure 3.7 shows the resulting 𝑥_:`a+ obtained from applying equation 4 to the 
steady-state OCP in Figure 3.4.  Results are given as a function of SOC for the 8 wt% Fe 
cathode for the four rates. Where the OCP did not approach an asymptotic value, the values 
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are not included in the graph.  The nickel fraction is rate-independent in Figure 3.7.   A 
value of 𝑥_:`a+ = 0.61 is estimated from equation 5 when the SOC = 200 C, the transition 
point estimated from the GITT data at 50 mA in Figure 3.3. 
The very large excursions in OCP seen near the beginning of the iron plateau during 
discharge can be explained by a galvanic interaction between iron and nickel.  Specifically, 
   NiCl+ 	+ Fe = Ni + FeCl+     (3.6) 
The driving force for this reaction is ~0.26V, suggesting that any Fe and NiCl2 co-existing 
during discharge may spontaneously react during the open circuit relaxation. As depicted 
in Figure 3.8, we hypothesize that: 
1. a gradient of Ni and Fe exists within the triclinic phase.  This can be understood 
[10] because, while a single phase is believed to exist, the NiCl2 and FeCl2 are formed 
separately during discharge and interdiffuse prior to complete reduction of the NiCl2 during 
discharge, 
2. the reaction continues until either the iron-metal or the NiCl2 is completely 
consumed.  
In Figure 3.8a, an instant after interruption, nickel chloride is depleted within the 
metal chloride film and Fe metal is present.  During relaxation, the nickel ions diffuse 
through the film to react with iron metal according to equation 6. If NiCl2 is in 
stoichiometric excess, once the iron is consumed, the only reversible reaction is the 
Ni/NiCl2 couple, and the nickel depletion layer recovers, as depicted in Figure 3.8b.   Once 
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the iron is consumed, the nickel ion concentration profile relaxes toward its average value 
within the film.   
In contrast, if the Fe metal is in excess, the potential relaxes to the Fe/FeCl2 
potential, either because NiCl2 is completely consumed or because the flux of Ni ions to 
the surface is so low that the iron is not consumed within 300 s.  This situation is shown 
schematically in Figure 3.8a.  Prediction of the dynamics of the curves requires an 
understanding of the reaction rates, including finite mass-transfer rates of Ni2+ to the 
surface. Regardless of mechanism, mass transfer is almost certainly important.  Otherwise 
it is unlikely that the iron reduction reaction would commence prior to completion of the 
nickel reduction reaction. However, a prediction of mass transfer rates within the complex 
porous cathodes may be difficult without a full-scale porous-electrode model, which is 
beyond the scope of the present paper.  As a means of summarizing the results shown 
above, we plot an inflection time 𝜏:;<defined as the time required for the potential (starting 
below 0.85 V) to exceed 0.85 V during open-circuit relaxations measured during discharge.  
The inflection time is shown as a function of the SOC.  Results are only shown for the 8 
and 10 wt% Fe cathodes, as we captured few suitable OCP transients with the 3 wt% Fe 
electrodes.  
During the charging process, the potential transients resulting from interruption 
appear to decay in an exponential manner.  When the charging potential resides below the 
nickel oxidation potential, the OCP relaxes back to the iron plateau.  Likewise when the 
oxidation potential exceeds the value on the thermodynamic potential for the nickel couple, 
the OCP relaxes to values near the nickel redox potential of 1.0 V.  Large variations in 
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potential from one plateau to another, as observed during discharge, are generally not seen, 
suggesting reaction 6 is not important.  During charge, the iron oxidation goes nearly to 
completion prior to onset of nickel oxidation.  This is in contrast to discharge, where iron 
reduction commences prior to exhaustion of the nickel-reduction reaction, hence, the 
significant discrepancy between charge and discharge in the sizes of the two plateaus. 
The GITT experiments emphasize the complex interaction of the nickel and iron 
species within the positive electrode, especially during discharge.  When coupled with 
simulations, the experiments can be used to refine hypothesized mechanisms, to interrogate 
models, and to determine physical parameters.  They may also be used, after further 
development, as a diagnostic tool to characterize half cells and possibly full battery 
systems.  For larger systems, spatial variations in the ratio of Fe to NiCl2 may be 
anticipated, and this will undoubtedly complicate analysis.  
 
3.6 Conclusion 
The behavior of mixed iron-nickel cathodes of sodium-metal chloride cells has been 
characterized by a GITT method, and the complex dynamic behavior of the OCP provides 
insight into iron-NiCl2 galvanic interactions.  The OCP transients depend on the SOC, and 
are impacted by the amounts of iron-metal and nickel chloride present.  During discharge, 
the asymptotic OCP is dependent on the SOC and is interpreted to provide a measure of 
the Ni:Fe ratio in the triclinic (Ni, Fe)Cl2 film.  A detailed analysis of the GITT transients, 
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will require a model of the reaction and transport rates, and thus will provide a means for 
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Figure 3.1. c 
 
Cell potentials during constant-current at 50 mA charge and discharge. Results are shown 
for (a) 8 wt%, (b) 3 wt% and (c) 10 wt% Fe porous cathodes.  The vertical dashed lined 






Figure 3.2.  
Cell potential in GITT experiment as a function of open-circuit time for a half-cell with 8 
wt% Fe positive electrode at (a) 50 mA charge rate and (c) 50 mA discharge rate.  Zoomed-





Figure 3.3.  
Cell potential as function of the state of charge (SOC) for an 8 wt% Fe positive electrode 



































Figure 3.4. c and d 
Open circuit potential as a function of time for different SOC (indicated in the figure). All 
results are for an 8 wt% Fe positive electrode during discharge at rates of (a) 50 mA, (b) 





Figure 3.5.  
Open circuit potential as a function of time for different SOC (indicated in the figure). 
Results are for an 8 wt% Fe positive electrode during (a) discharge at 50 mA and (b) 
charge at 50 mA.  In these experiments, the standard GITT protocol was modified to 









Figure 3.6. c and d 
Open circuit potential during discharge as a function of time for different SOC (indicated 
in the figure). Results are shown for (a) 3 wt% Fe cathode, rate of 50 mA, (b) 3 wt% Fe , 






Figure 3.7.  
The mole fraction of Ni at the surface of the triclinic (Ni,Fe)Cl2  phase as a function of the 
state of charge, during discharge of an 8 wt% Fe positive electrode.  The mole fraction is 









Figure 3.8.  
Schematic diagram showing the hypothesized galvanic interactions during the open circuit 
relaxation.  Immediately after interruption of the current (a) both Fe metal and NiCl2 co-
exist.  Reaction 6 proceeds at a rate controlled by NiCl2 mass transfer to the interface. If 
NiCl2 is in stoichiometric excess, and given unlimited time, the reaction presumably 
continues until iron is completely consumed.  If iron is in excess (b), the NiCl2 is either 






List of Tables 
Table 3.1.  
Mass fractions of positive electrode materials.  The aluminum is assumed to be consumed 
during the maiden charge. 
	
Composition 3% wt% Fe 8% wt% Fe 10% wt% Fe 
NaCl 0.34 0.34 0.34 
Ni 0.63 0.58 0.56 
Fe 0.03 0.08 0.10 





Chapter 4.  
A Study of Sulfur Additive on the Positive Electrode of the Na-
Metal Halide Cell 
 
4.1 Abstract 
The electrochemistry of iron sulfide in nickel/iron porous electrodes in molten 
sodium tetrachloroaluminate electrolyte was investigated at 300°C. In the operating 
voltage range of 1.8 to 2.8 V, the nickel electrode is impacted by the formation of a 
(Ni,Fe)Cl2 triclinic solid solution. With the addition of Fe2S3 to the electrolyte, results 
indicate the formation of nickel sulfide species on the metal electrode and an increasing 
discharge capacity with increasing amount of iron sulfide. The cathode with highest sulfide 
content appears to be highly resistive. Galvanostatic interrupt experiments were performed; 
these studies provide additional insight into sulfide-iron-NiCl2 galvanic interactions. 
 
4.2 Introduction 
 The sodium-nickel chloride battery offers high energy/power density, good cycling 
life, and efficient cost.[1-6] The cell performance these cells can be optimized by 
improving cathode material composition [7-10] and cell structure [7]. Additives such as 




 While the main reaction is redox of nickel, additives leads to additional reactions. 
Among the common additives in the positive electrode, sulfur has been identified as having 
a large impact on the cell performance. Sulfur is commonly used to lower cell resistance 
and improve cell capacity. This is because addition of sulfur to the positive electrode 
material helps prevent nickel particle growth and stable high surface areas [11, 12]. Several 
investigators have studied nickel sulfides chemistry [12, 13]. Ni3S2, NiS, Ni3S4, and finally 
NiS2 are the primary reactant and/or intermediate [14][15]. However, iron sulfide, as 
alternative form of sulfur additives, hasn’t been investigated and it influence on cell 






 The electrochemical cell setup has been detailed in chapters 2 and 3.  
 The sulfide-containing granule consists of metal chlorides (NiCl2/FeCl2), iron 
sulfides (FeS) and excess metals (Ni/Fe). The materials were made by using a tumbling 
mixer within an argon-atmosphere glove box. Fine Type-255 nickel powder was 
compacted with pure sodium chloride and iron sulfides on a roll compactor 
(Alexanderwerk BT-120) and then mixed in a granulator (Vector TFC-Lab).  
 Table 1 shows four different granule compositions that were tested. Battery cycling 
protocols discussed in chapters 2 and 3 were used. The charge data were obtained by 
constant-current (CC) charging at 50 mA, 100 mA, 250 mA or 500 mA to 2.8 V. The 
discharge data at the varying rates were obtained after the cell was charged at 50 mA until 
the cell potential reaches 2.69 V versus sodium; the constant current charge was followed 
by constant potential (CV) charging at 2.69 V until the current declines to 2 mA.  The 
discharge cutoff potential was 1.8 V. Prior to cycling, ten preconditioning cycles were 
applied. The charge/discharge data were obtained under a CC followed by a CV protocol. 
The GITT measurements were conducted by interrupting the current during constant 
current charge and monitoring the open-circuit, cell voltage for 300 sec. 
 
4.4 Results and Discussion 
 Figure 4.1a shows cell potential during charge obtained at four rates for the 7.9 FeS 
wt-% electrode.  There are three large plateaus observed for the 50 mA curve, at potentials 
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of ~ 2.35 V, 2.47 V and 2.58 V. After roughly 550 C of charging, the voltage quickly rises 
to the voltage limit (2.8 V according to our protocol). Previous work shows that during 
charge in a sulfide-free cell, the iron is first oxidized to FeCl2 at a potential near 2.35 V 
and the nickel to NiCl2 at near 2.58 V. During the oxidation process, a conversion layer of 
nickel chloride and iron chloride was formed on the surface of the electrode.  
	FeCl+ + 2e& = Fe + 2Cl&								𝑈¢ = 	2.35	𝑉   (4.1) 
	NiCl+ + 2e& = Ni + 2Cl&	      	𝑈¢ = 	2.60	𝑉   (4.2) 
In the presence of sulfide, an additional feature from 2.45 V to 2.50 V has a plateau 
of approximately 40 coulombs, suggesting that there are new reactions occurring on the 
surface of the nickel electrode. This feature is not readily observed when the charging rate 
increases to 250 mA.  
After a 300-second rest, the electrode was discharged, and a similar large plateau 
was initially observed. On the subsequent discharge at 50 mA, the plateau is also seen but 
at a potential near 2.40 V. Both the size of the new sulfide plateau and iron chloride plateau 
during discharge are about 100 C larger than during charge, with a significant reduction in 
the size of the nickel plateau.  This is consistent with our previous work in which 
discrepancies between charge and discharge potential plateau size were observed.  In figure 
4.1, the nickel plateau during discharge is about ~200 C as compared about 400 C during 
charge. If we use a sulfide-free base cathode as an example, the nickel plateau is 
approximately 250 C during charge and is ~170 C during discharge.  
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 Figure 4.2a shows the cell potential as function of the SOC during charge and 
discharge for three electrode compositions at 50 mA charge. For all three cases, the nickel 
oxidation to nickel chloride occurs after approximately 150 C, while the two sulfide-
containing electrodes show an intermediate plateau.  During discharge, capacity of the 
sulfide-containing electrode increased significantly after cycling. The 8% FeS (Comp 1 in 
Table 1) electrode shows a more rapid evolution to a sulfide plateau. The 15% FeS (Comp 
2 in Table 1), has a larger but not well-shaped sulfide plateau.   
 In the absence of sulfide, the chemistry on the surface of a nickel electrode in 
molten sodium tetrachloroaluminate (NaAlCl4) appears to be relatively simple, as 
described by Equation 1 and 2. Complexity was added to the nickel-iron electrode 
chemistry by adding a source of sulfide anions. From 2.45 V to 2.50 V, the second 
oxidation is hypothesized to result in Ni3S2 (Heazlewoodite). [8]  Sulfide anions reacted 
with nickel metal to form Ni3S2. [16] 
3Ni + 2S+& = 	NiS+ + 4e&	       (4.3) 
Above 2.60 V, a third oxidation wave is observed; (Ni,Fe)Cl2 triclinic solid solution 
appears to replace iron chloride. 
  Figure 4.3 shows the cell potential as function of state of charge for 15% FeS 
electrodes and for 32 % FeS (Comp 3 in Table 1) at varying charge and discharge rates.  
Note that the 15% FeS electrode contains twice the molar amount of iron sulfide as the 8% 
electrode but it contains no added iron metal. The voltage that increases gradually from 
2.25V to 2.38 V indicates some electrochemical reactions occurs before iron is oxidized 
according to equation 1.  The 32 % FeS electrode is highly resistive but has larger capacity 
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(about 70 C more than the 15% FeS electrode).  All transitions from one voltage plateau to 
another in a 32 % FeS cell are smoother than the transitions in the 16 % FeS electrode.  
 In addition, it was observed that the discharge capacity of the electrodes has 
increased significantly with increasing amount of iron sulfide. It is significantly larger than 
their theoretical estimation. During charge, the features that occur at lower than 2.35, at 
2.35 V and between 2.35V and 2.58V are all larger in a 32% FeS electrode than in a 15% 
electrode. It was observed that the charge/discharge capacity of the sulfide-containing 
nickel electrode increases dramatically with cycling. In contrast, in the absence of sulfides, 
the round-trip efficiency is nearly 100 %. When the electrode is reduced at below 1.8V, 
there appears to be an irreversible reaction during these cycling. It is believed that Ni3S2 
forms by exchanging with nickel chloride in Equation (4).  
Ni + 	2NiCl+ + 2S+& = 	NiS+ + 4Cl&	       (4.4) 
Reaction 4.4 appears to be only significant at high percentages of iron sulfide. The 
reduction/dissolution of Ni3S2 is hypothesized to be electrochemical, where Ni3S2 is 
reduced directly to nickel without forming nickel chloride. This is the reverse reaction of 
equation 3. By keeping the minimum potential above 1.8V, not all Ni2S3 is reduced, and 
the additional reactions introduced by the sulfide grow in magnitude, hence the increasing 
discharge capacity with cell cycling. 
   As in chapter 3 the open-circuit potential of the cathode material was measured 
by GITT as it means of characterizing relaxation times and galvanic interactions between 
electrochemically active materials. After being fully charged (SOC = 100%), the cell was 
discharged at 50 mA with 10 open-circuit interrupts. Figure 4.4 provides transients 
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obtained at four discharge rates for the Comp 1 cathode, plotted as a function of SOC.  
Since the cell is discharging, the time progresses from large SOC to small SOC. At large 
SOC, the potential approached the Ni potential and at small SOC, the potential remains at 
the iron plateau. At 154C in figure 4.4a, the potential increases slowly, maintaining a 
potential closer to the sulfide potential, and then begins a transition toward the nickel 
plateau. Below the 154C curve, the relaxation curves are well separated between 2.20 and 
2.30 V. These curves appear to converge on a value between the nickel chloride voltage 
plateau and iron chloride voltage plateau. The value of SOC at which the OCP exhibits 
large excursions decreases with an increasing current rate, which is consistent with the 
observation in sulfide-free system.  
 Figure 4.5 shows the open cell potential as function of the interrupt time for an 8% 
FeS electrode in a GITT test. For the cell charging at higher rates, a shoulder peak arises, 
where the cell voltage initially decreases slowly and drop later. The richness of the dynamic 
behavior depends on how close the SOC is to the nickel-to-sulfide transition point. 
 Figure 4.6 provides a summary in terms of final OCP values as function of SOC 
for 8 % FeS for the four rates. Where the OCP did not approach an asymptotic value, their 
values are not reported in the graph.  As one might expect, the final OCP is rate-
independent. It is also clearly shown that there is a sulfide-featured plateau at a SOC 
between around 100 and 150C, where it tends to be larger during discharge. 
   In this work, a range of charge and discharge experiments are shown, emphasizing 
the galvanic interactions of the sulfide, metal and metal chloride species within the positive 
electrode.  These experiments can be used to refine hypothesized mechanisms and to 
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determine physical parameters.  It may also be used, when coupled with simulations, as a 
diagnostic tool to characterize the impact of sulfide additives on the performance of a half 
cell/full battery system.   
 
4.5 Conclusion 
 This study has demonstrated that the addition of a soluble sulfide species such as 
sodium sulfide can have a large impact on both the eletrochemistry and capacity of a nickel 
electrode in molten sodium tetrachloroaluminate. The behavior of iron-sulfide-doping 
cathodes in a sodium-metal chloride cell has been characterized by the GITT method, and 
the complex dynamic behavior of the OCP is believed to provide insight into sulfide-iron-
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Open cell potential as function of interrupt time for 8% FeS in a GITT test at 50 mA (a), 
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Open cell potential as function of interrupt time for Comp 1 in a GITT test at 50 mA (a), 
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Table 4.1.  
Mass fractions of positive electrode materials.  The aluminum is consumed in the first 
preconditioning cycle. The charge capacity is derived from NaCl. 
 
Composition Base Comp 1 Comp 2 Comp 3 
NaCl 0.34 0.33 0.32 0.26 
Ni 0.54 0.52 0.51 0.42 
Fe 0.10 0.05 - - 
Al 0.005 0.004 0.004 0.004 





Kinetics Study on Current, Composition and Temperature in a 
Sodium Nickel/Iron Chloride Cell 
 
5.1 Abstract  
With a goal of extending knowledge of kinetic and mass transfer parameters for 
understanding mass transfer, this chapter measures the performance during oxidation and 
reduction of nickel/iron granules. Three granule compositions with different iron levels 
are tested at four different current rates. One granule was also tested at different 
temperatures. In order to build a complete model of the sodium-nickel/iron chloride cell, 
the data in this chapter can be used to determine kinetic and micro-scale mass transfer 
parameters, which may also be very useful in the optimization of the electrode.  
 
5.2 Introduction 
Sodium-nickel/iron chloride cells have their applications in telecommunications, 
Uninterruptible Power Supply (UPS) batteries and hybrid locomotive. The energy storage 
system offers high energy/power density, cycling life and cost efficiency required by 
these applications. Currently improving the cell performance and cycling attracts most 





5.3.1 Cell hardware 
The entire electrochemical cell is contained within a 100-ml Pyrex flask as shown 
in Figure 2.2. The counter electrode consists of a 2-mm diameter nickel wire coil, covered 
in 5 g of aluminum flakes, 5 g of sodium chloride, and 30 g of NaAlCl4. The positive 
electrode is contained in a flat-bottom, sodium-conducting, β”- alumina tube, supplied by 
Ionotec (size H3), which sits directly on top of the counter electrode. The current collector 
for the positive electrode is a 0.5-mm-diameter molybdenum-wire coil. The coil is covered 
by a single layer of molybdenum gauze, and then by 1 g of granules comprising sodium 
chloride, nickel and iron powders. Three grams of NaAlCl4 and 25 g of yttria-stabilized 
zirconium-oxide beads are loaded on top of the granules. A reference electrode made of a 
closed-end Pyrex tube with a 1-mm-diameter aluminum wire, roughly 100 mg of sodium 
chloride, and 100 mg of NaAlCl4 was placed within the granules.   
Table 5.1 describes the chemical composition of the granule that is used as a porous 
electrode in the half cell. 
 
5.3.2 Cell Construction 
The positive electrode is built by pouring 1 g of granulated metals and salts, and 3 
g of pulverized NaAlCl4, into the bottom of the BASE tube. Twenty-five grams of yttria-
stabilized zirconium-oxide beads (d=5mm, Alfa Aesar) are subsequently placed on top of 
the positive electrode material to aid granule-granule contact.  
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Each experiment was heated to the desired temperature using a Digi-Sense 
temperature controller. Cell testing was performed with an Ivium-n-stat electrochemical 
test system. The cell was connected with four cables: positive and negative potential sense 
and positive and negative current supply. The positive voltage cable was connected to the 
voltage sense lead of the positive electrode, while the negative sense cable was connected 
to the reference electrode. The positive current lead was connected to the current lead of 
the positive electrode, while the negative current cable was connected to the counter 
electrode lead. For reference, the aluminum reference electrode potential is 1.60V versus 
Na/Na+.  
	
5.4 Impact of current and composition 
In a typical small-scale set up, we can assume that the granules form a thin layer so 
that all electrode materials in the positive electrode experience simultaneous, equal current 
density during charge and discharge. Figure 5.1 and figure 5.2 shows the galvanostatic 
charge/discharge at different rates under 300 oC. The magnitude of the potential and over 
potential increases with passing rates for each composition at a given temperature. At the 
lowest rate, 50 mA, a sharp transition can be observed from one plateau to another. At 
higher rates, the transition becomes less shaped. This can be seen as an advantage of the 
nickel/iron electrode versus a pure nickel cell. Because at high discharge rates, cell voltage 
lowering is mediated by reduction of the iron discharge. On another note, the cell potential 




The lower plateaus are associated with the iron thermodynamic potential 0.75 V, 
while the one associated with nickel reaction is ~0.23 V higher. Actually, the iron plateau 
is associated a two-step reaction due to the existence of solid intermediate Na6FeCl8, also 
referred to as “shifted salt”. The fine structure of this intermediate in the voltammograms 
has been reported [1]. The shifted salt is formed by iron ion insertion into the sodium 
chloride phase, which participates in the iron RedOx process in sodium/iron(II) in reactions 
such as reaction 5.1 and 5.2: 
 4𝐹𝑒𝐶𝑙+ + 6𝑁𝑎L + 6𝑒&
I:"234JK8
3𝐹𝑒 + 𝑁𝑎𝐹𝑒𝐶𝑙¦ (5.1) 
 𝑁𝑎𝐹𝑒𝐶𝑙¦ + 2𝑁𝑎L + 2𝑒&
I:"234JK8
𝐹𝑒	 𝑠 + 8𝑁𝑎𝐶𝑙(𝑠) (5.2) 
A 12-13 mV difference is observed in the open circuit voltage between these two stages 
during charging or discharging.  
During the charge, iron was first oxidized to iron chloride and shifted salts 
(Na6FeCl8), while part of NaCl is converted to shifted salts. As the nickel chloride is formed 
above 0.98 V on the second plateau, chloride ions in the electrolyte are consumed, creating 
a driving force of iron chloride to migrate from shifted salts to NiCl2-FeCl2 alloy. Before 
the first cycle, any Cl- required for oxidation steps such as reaction 5.1 and 5.2 come from 
solution. Subsequent cathodic reduction of either of these products liberates Cl- at the 
electrode surface in a melt already nearly saturated with NaCl. When saturation occurs, 




For all three compositions, the magnitude of the overpotential increased with the 
current density, as can be described by the Tafel equation. At 0.75 V, the iron and sodium 
chloride is converted to both iron chloride and shifted salt. Interestingly, iron utilization of 
3 wt% Fe with is around 100%  and drops to 45% in case of 10 wt% Fe sample. For each 
3 wt% Fe case at 300 oC, the capacity of the iron oxidization plateau does not vary 
significantly with charge current, nor does the associated iron reduction plateau vary in 
magnitude.   
The discharge capacity is ~100 C larger than the subsequent charge capacity across 
the entire kinetics data set. Among the reduction waves, capacity discharged on the iron 
plateau significantly exceeds the cell charge capacity (figure 5.2) and even the theoretical 
capacity of the Fe (in case of 3 wt% Fe). As indicated by open cell interrupts on the iron 
waves (figure 5.3), the iron discharge plateau probably includes faradaic contributions to 
both iron and nickel reactions, whereas the nickel discharge plateau is associated only with 
nickel reduction.  
  The GITT graph also shows that this should be specific case for discharge, where 
both iron and nickel open cell voltage exist on the iron reduction plateau while all the open 
cell voltage on iron oxidation plateau point to the iron open circuit potential with little 
variation. Increased amount of nickel is reduced on the lower wave with the increasing iron 





5.5 Impact of temperature 
The operating temperature has also a significant influence on the cell performance. 
Figure 5.4 shows the discharge capacity variation with temperature and indicates 270-300 
oC is probably the better operating temperature in terms of battery capacity. At higher and 
lower temperatures, the cell experienced dramatic capacity loss, particularly for higher 
current applications.  
Also, the tested cell experienced a sharper drop in discharge voltage at both the 
lowest and highest temperatures (240oC and 330oC), which suggests a high internal 
resistance (figure 5.5 1a, 2a, 1c, 2c). The lower temperature profile demonstrates 
deterioration of the charge and discharge kinetics of the electrodes, which may also result 
from the limited ionic conductivity of the electrolyte at reduced temperatures. Also, a 
different phenomenon is seen at high rate and lower temperature in reduction of the iron-
containing granules. This phenomenon presents as an inversion where the cell voltage 
initially moves from low to high before starting to sag again at higher depths of discharge.  
At 270 oC, the kinetics of the electrode behavior are similar to the 300oC curves 
with reaction waves and a capacity slightly improved, particularly at higher rates. The 
transition becomes smoother at higher rates and, during the transition, the cell voltage is 
higher than at the same state of charge at the lower rates. This is desirable in industrial 
practice because under high current application, the cell voltage sag is supported by 
introducing a second electrochemical reaction with smooth transition. 
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On the other hand, the cell at 330 oC is highly resistive. The increased cell resistance 
of the cycling in excess of 300oC can possibly be explained by the increase in the solubility 
of nickel chloride [2], iron chloride [1] and sodium chloride with elevated temperature, 
with the major part of this increase occurring around 340oC. The increased solubility may 
result in increased transport of oxidation product away from the electrode. Large capacity 
degradation above 300 oC can be observed from the 2nd cycle of the kinetics curves as 
compared to the 1st cycle (figure 5.6) which has also been seen for other temperatures. 
Though diffusion and migration, the metal halide and sodium chloride could be segregated 
to small particles that breaks electrical continuity in two manners:  1) the electronic 
conductivity of Fe/Ni backbone or 2) electrolyte-electrode contacts in terms of surface area 
or blocking of electrolyte-filled pores. In addition, a high concentration of the nickel [3] 
and iron [4] ions in the chloroaluminate melt could exchange with the sodium ions in the 
β’’-alumina, which lead to lowered conductivity and stability of this component. Overall, 
the higher operating temperature resulted in the more rapid increase in cell polarization 
with cycling [5, 6].   
There may be a watershed of the importance of solid surface deposits of salts and 
metal halide in determining the capacity between 240 oC and 270 oC. At temperatures above 
250 °C, the evidence points to the increasing importance of dissolution of solid products, 









The data from this study can be used to determine kinetic and micro-scale mass 
transfer parameters for use in a complete model of both the sodium-nickel chloride cell and 
the sodium-nickel/iron chloride cell. Through experimental design, the added effects of 
macro-scale mass transfer and conduction have been removed from the measurement, 
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Figure 5.1. c 
Charge of a sodium-nickel/iron cell under different rates at 300oC, a) 3 wt% Fe, b 8 wt% 













Figure 5.2. c 
Discharge of a sodium-nickel/iron cell under different rates at 300oC, a) 3 wt% Fe, b) 8 






Charge (upper) and discharge (lower) of a sodium-nickel/iron cell under different rates at 






Discharge capacity at different rates versus temperature by using 8 wt% Fe as cathode 













Figure 5.5. 2a, 2b and 2c 
1) Discharge 2) Charge of a sodium-nickel/iron cell using 8 wt% Fe as cathode material 





Figure 5.6.  





List of Tables 
Table 5.1  
Exhibits theoretical capacity for each component and total capacity of different cathode 
compositions. The total capacity is calculated on the amount of NaCl in the cathode while 
nickel and iron should be abundant to ensure the electronic conductivity at operating 
temperature. 
Composition 3% wt% Fe 8% wt% Fe 10% wt% Fe 
NaCl 0.34 0.34 0.34 
Ni 0.63 0.58 0.56 
Fe 0.03 0.08 0.10 







Table 5.2 Charge-discharge measurement protocol  
 
Charge and Discharge 
1. Constant current charge at 25 mA to 2.69 V 
2. Constant voltage charge at 2.69 V to 2 mA 
3. Constant current discharge at 4 different rates (50 mA, -100 mA, -250 mA and -
500 mA) to 1.8 V 
4. Constant current charge at 4 different rates (50 mA, -100 mA, -250 mA and -500 
mA) to 2.8 V 
5. Constant current discharge at 25 mA to 1.8 V 









In the previous chapters, through thin positive electrode design, the effects of 
macro-scale mass transfer and conduction in the electrode have been minimized as a means 
of simplifying data interpretation. In this chapter, the effect of thickness of the cathode is 
discussed because transport is very important in real systems, and modeling ohmic 
resistance, for example, can be challenging. The aim of this work is investigate the impact 
of thickness of positive electrode with a goal toward improved modeling of tortuosity as a 
function of state of charge in the Sodium Nickel/Iron Chloride Cell. 
 
6.2 Introduction 
Tortuosity, τ, is one of most important parameters that impacts cell performance. It 
describes morphology of a porous electrode and the impacts of its transport properties. 
However, it is hard to predict tortuosity when the electrode material differs from spherical 
shape. In previous chapter, we compared modeling results that considered the effect of 
tortuosity in a thin (2mm) positive electrode. Results at high rates, where transport effects 
are most important, were in poor agreement with experiment without modifying the 
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tortuosity parameter.  In this chapter, we vary the thickness of the positive electrode in 
order to validate and test the model.  
 
6.3 Experimental 
6.3.1 Positive electrode preparation 
The cell hardware and construction are described in Chapter 5. 
 
6.3.2 Positive electrode and reference electrode preparation 
The positive electrode is 1, 2 or 3 g of granules (labeled as 2, 4 and 6-mm cathode), 
described in previous chapters. Pressed into the granules is a reference electrode made of 
a closed-end Pyrex tube with a 1-mm-diameter aluminum wire (#10747, Alfa Aesar), 
roughly 100 mg of sodium chloride, and 100 mg of NaAlCl4.  
	
6.3.2 Electrochemical Characterization 
For reference, the aluminum reference electrode potential is 1.60V versus Na/Na+. 







6.4 Theory 2 
The ionic diffusion coefficient of a free solution requires a correction for the 
tortuosity of the pores. In the electrolyte, the effective diffusion of chloride ion can be 
described as:  




       (6.1) 
where Di0 is the diffusion coefficient of chloride ion, τ the tortuosity and ε is the porosity, 
respectively. Figure 6.1 is a schematic that shows electrode thickness, L and diffusion 
distance, L’. τ is square ratio of the two parameter. 
     τ = (®¯
®
)+     (6.2) 
The generalized Bruggemann relation has been widely used for prediction of 
tortuosity in the battery modeling community:  
     τ = γε−α      (6.3) 
where α is the Bruggeman exponent. The typical values of parameters γ and α are 1.0 and 
1.5, respectively. Knowing that enable us to predict tortuosity. Figure 6.3 shows the charge-
discharge simulation results using the typical values.  
The model prediction at high discharge rates can be improved greatly by increasing 
the tortuosity of the solution (e.g. γ = 4.5, α = 1.5) as shown in Figure 6.4. However, we 
lose the model agreement at high charge rates (Figure 6.4), suggesting the solution is more 
                                                
2  The simulations done in this chapter is in collaboration with Dr. Saeed Khaleghi Rahimian, who did his postdoc 
research at Columbia Chemical Engineering. 
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resistive during discharge than charge. In order to come up with the model that is able to 
predict the tortuosity during the cell operation, we used the model developed for predicting 
the tortuosity of muds made of disks with diameter to thickness ratios greater than one:  




     (6.4) 
where m is the ratio of disk radius to its thickness. We assumed that the solution initially 
(beginning of charge) contains the spherical sodium chloride (m1 = 0.5) phase and the disk 
like metal phase (Ni,Fe) with the geometric constant m2 = 2 as shown in Figure 6.5a. By 
oxidation of iron and nickel during charge, triclinic (Ni,Fe)Cl2 phase is deposited on the 
metal. We considered the chloride phase and the metal as one disk and assumed the chloride 
phase initially grows radially (Figure 6.5b) and then the thickness of the disk starts growing 
(Figure 6.5c). Eq.(6.6) is the extension of Eq.(6.5) for the solution consisting  of disks with 
different geometric constants: 







    (6.5) 
where ε' and ε+ are the solid porosities: 
    ε' = εµ¶·¸      (6.6) 
    ε+ = εµ¨,¹º
» + ε µ¨,¹º ·¸b    (6.7) 
where εµ¨,¹º
»  is the actual porosity of the metal after the salt is washed out of the granule 
and the porous metal structure is formed. Since the sodium chloride volume fraction is 
twice the metal volume fraction, εµ¨,¹º
» is three times the metal volume fraction. The 
geometric constant of sodium chloride disk was assumed to be constant (m1 = 0.5) during 
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the cell operation while the geometry of metal and chloride phase disk was allowed to 
change. During the radial growth (Figure 6.5b) the radius of the disk grows by the aquare 
root of the porosity assuming the thickness is constant. Thus, the geometric constant rises 
with the square root of the porosity as well: 
 ε ∝ radius+thickness			
ÄÅ¨ÆÇÈºxÆÄº
				radius ∝ ε 				
°x ÉÊËªÌÍÎÏªÐÑÒÓÍÍ 			m ∝ ε				 
we assumed the geometric constant increases from the initial metal geometric (m2 = 2) to 
a maximum value m+°¶Ô  at a certain porosity of (Ni,Fe)Cl2 ε°¶Ô : 
    m+ = 2 + m+°¶Ô − 2
«ÕªÖÓ×Øb
«ÙÊÚ
   (6.8) 
After the geometric constant reaches to its maximum value, the disk starts to grow 
vertically, where the radius remains constant. Therefore, the thickness grows linearly by 
porosity increase and accordingly the geometric constant decreases as the inverse of 
porosity: 
 ε ∝ radius+thickness			
Û¶Ü¨ÝxÆÄº
				thickness ∝ ε				
°x ÉÊËªÌÍÎÏªÐÑÒÓÍÍ 			m ∝ '
«
 
Eq.(6.10) predicts the geometric constant during this time: 





     (6.9)  
where β determines the slope of the decay. 
Figure 6.6a and 6.6c show the charge–discharge cell voltage prediction using the 
new tortuosity model, respectively. The variation of tortuosity during charge and discharge 
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are shown in Figure 6.6b and 6.6d, respectively (II=applied current(Amp), CC=Current 
Collector). 
 
6.5 Results and discussion 
In the cathode chamber, the electrode impacts diffusion of the sodium and chloride 
ions, and ohmic transport through the pores of the electrodes. Therefore, varying thickness 
is a good approach to understanding of cell diffusivity and macroscopic resistivity, 
particularly at high discharge rates. In order to obtain data to describe microstructural 
tortuosity, the charge/discharge experiment has been done at various current rates, with a 
4mm-6mm thick electrode with an 8 wt% Fe cathode under a 300 oC operating temperature. 
Charge-discharge curves for nickel/iron cathodes at thicknesses of around 2, 4 and 
6 mm are displayed in Figure 6.7 and Figure 6.8. The discharge capacity depends on current 
rate to some extent. The lowering potentials of the discharge curve at higher current rate is 
due to polarization. This is induced by the cell’s internal resistance. Also, at higher rates, a 
discharge capacity loss of the electrode is observed. This might be mainly contributed by 
the chloride ion diffusion. When the gradient of the chloride ion concentration is large, the 
cell potential will drop to/below the cut-off potential. Therefore, at highest current rate, a 
dramatic decrease of the discharge capacity is observed because the solid-state diffusion of 








Through experimental design, the added effects of macro-scale mass transfer and 
conduction was taken into account with various electrode thicknesses, allowing for testing 
of tortuosity modeling. In the cathode chamber, electrode tortuosity controls sodium ion 
and chloride ion diffusion and ohmic transport through the pores of the electrodes. When 
there is a large gradient of the chloride ion concentration for the active material particle 
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List of Parameters 
 
There are 6 parameters for fitting the charge data: 
1. Sodium chloride dissolution rate constant kß+   
2. Shifted salt dissolution rate constant kà+   
3. Molar area in iron and Sodium chloride reaction Aß  
4. Molar area in iron and Shifted Salt reaction Aà+  
5. Molar are in the first nickel oxidation Aµ¨  
6. Mass transfer coefficient of nickel complex transport from electrode’s surface 
to bulk k°  
Followings are the 8 parameters used for fitting the discharge data: 
1. Sodium chloride precipitation rate constant kß'   
2. Shifted salt dissolution rate constant kà'   
3. Molar area in shifted salt reduction Aà  
4. Molar area in iron chloride reduction Aâ  
5. Molar are in the first nickel chloride reduction Aµã  
6. Surface area in nickel-iron chloride film growth expression A  
7. Mass transfer coefficient of nickel complex transport from bulk to electrode’s 
surface k°  
8. Mass transfer coefficient of nickel chloride diffusion through the solid phase 
(KD) 
There three parameters for prediction of the tortuosity: 
1. Maximum geometric constant for metal-metal chloride phase disk (m+°¶Ô) 
2. (Ni,Fe)Cl2 phase porosity at the maximum geometric constant (ε°¶Ô) 
3. Fitting parameter used to model geometric constant decay (β) 
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Figure 6.1  
Sketch of electrode cross-section showing the diffusion length, L ′ , and the electrode 








Figure 6.2. Schematic of overall unit cell dimensions: 
1. Cathode Collector – molybdenum mesh 0.5 mm – 1 mm thick (δkp) 
2. Cathode active material – Ni/Fe 2 mm thick (δp), particle diameter 0.5 mm – 1 mm, 
porosity 5-8%, air ,  
3. Separator – 1 mm thick (δs), porosity 1-2% for mobile sodium ion, resistivity (0.042 
ohm*m),  








1D Simulation constant current under 300 oC. Use a nickel cathode with 8 wt% Fe level 




Figure 6.4  
1D Simulation at 50 mA constant current under 300 oC. Use a nickel cathode with 8 wt% 




Figure 6.5   








Figure 6.6. a and c  






Figure 6.6. b and d 








 Figure 6.7  
Typical discharge curves for nickel/iron cathodes at a comparable thickness of around 2, 






Figure 6.8  
Typical charge curves for nickel/iron cathodes at a comparable thickness of around 2, 4 
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Table 6.1  
The electrochemical protocol used in Chapter 6. 
2-mm Cathode 
1. The charge/discharge protocol can be summarized as follows: 
2. Constant current charge at 25 mA to 2.69 V.  
3. Constant voltage charge at 2.69 V to 2 mA.  
4. Constant current discharge at 50 mA, 100 mA, 250 mA to 1.8 V.  
5. One conditioning cycle.  
6. Constant current charge at 50 mA,100mA,250mAto2.8V.  
7. Constant current discharge at 25 mA to 1.8 V.  
8. Repeat steps 1through 5 once. 
4-mm Cathode 
1. Constant current charge at 50 mA to 2.69 V.  
2. Constant voltage charge at 2.69 V to 2 mA.  
3. Constant current discharge at 100mA,200mA,500mAto1.8V.  
4. One conditioning cycle.  
5. Constant current at 100 mA, 200 mA,500mAto2.8V.  
6. Constant current discharge at 50 mA to 1.8 V.  
7. Repeat steps 1through 5 once. 
6-mm Cathode 
1. Constant current charge at 75mA to 2.69 V.  
2. Constant voltage charge at 2.69 V to 2 mA.  
3. Constant current at 150 mA, 300 mA, 750 mA to 1.8 V.  
4. One conditioning cycle.  
5. Constant current charge at 150 mA,300mA,750mAto2.8V.  
6. Constant current discharge at 75 mA to 1.8 V.  
7. Repeat steps 1 through 5 once. 
	
